Abstract: Long-term replicated experiments that contrast thinning method (dominant thinning, thinning from below) while controlling stocking level are rare. Stand growth and tree size responses to thinning method can be useful for making decisions to achieve desired objectives, whether these are timber or wildlife habitat related. We examined data from two longterm (>50 year old) silvicultural experiments in red pine to understand how alternative thinning prescriptions influence stand-level basal area, volume, and biomass growth, as well as quadratic mean tree diameter. We found that gross growth in stands treated with dominant thinning was often, although not always, greater than growth in stands treated with thinning from below. However, the differences in growth between thinning methods are smallest at stocking levels and stand ages typical for red pine management. We found that biomass growth increases with dominant thinning were generally less than basal area or volume growth increase. Furthermore, greater gross growth associated with dominant thinning versus thinning from below must be weighed against the significantly smaller average tree sizes that result from repeated dominant thinning.
Introduction
Thinning of a forest stand is an important tool to achieve a variety of management objectives. Traditionally, thinning has been used as a tool to capture anticipated mortality of suppressed trees as marketable wood (Drew and Flewelling 1979) and to increase the growth of residual trees by increasing growing space and resource availability to these trees (Smith et al. 1997) . Thinning can also be used to develop structural characteristics important for wildlife habitat and to direct the development of structural complexity in simplified stands (Franklin et al. 1986 (Franklin et al. , 1997 Hayes et al. 1997) . For example, thinning can be used to promote the development of large diameter trees, which can be important as roosting and nesting sites, as the location of large dens and cavities, and ultimately, as a source of large woody debris. Likewise, thinning can be used to promote other structural characteristics, including the development of forest understories and vertical structure (Bailey and Tappeiner 1998; Miller and Emmingham 2001) .
Thinning can be applied in various ways to a stand, depending on the crown position of the trees removed (Nyland 1996; Smith et al. 1997; Helms 1998) . Dominant thinning (previously referred to as selection thinning) preferentially removes the largest diameter, usually dominant crown class, trees (Helms 1998) . In contrast, crown thinning, synonomous with thinning from above (Helms 1998) , removes dominant and codominant trees specifically to increase the growing space of healthy residual trees within the same crown classes (Smith et al. 1997 ) but does not necessarily remove the largest diameter trees preferentially. Thinning from below, or low thinning, removes trees from the small end of the diameter distribution, usually suppressed, intermediate, or small codominant trees (Helms 1998) .
Thinning, and how it is applied, can influence a variety of stand characteristics, including gross growth, production of stem wood, and the maximum, mean, and range of tree diameters. Most empirical studies have found that generally, in single-cohort, largely single-species stands, volume and basal area growth on an area basis tend to be similar regardless of thinning method if other factors are constant, e.g., basal area of growing stock, site index, and vigor of residual trees (Spur et al. 1957, low vs. crown thinning; Cooley 1969, low vs. dominant vs. crown thinning; Seidel 1986, low vs. dominant thinning; Smith 2003, low vs. dominant vs. crown thinning; Gilmore et al. 2005 , low vs. dominant thinning). Some studies report higher volume growth with thinning from below, but it is not clear if basal area of growing stock was similar between treatments (Emmingham et al. 2007, low vs. crown thinning) . One recent study in mature red pine (Pinus resinosa Aiton) suggests that dominant thinning results in greater gross basal area growth relative to low thinning (Buckman et al. 2006) .
Thinning method can influence stand diameter distributions. By removing smaller diameter trees, low thinning shifts the diameter distribution and the mean tree diameter towards larger trees. Dominant thinning, on the other hand, shifts the distribution and mean diameter towards smaller trees.
While informative, many studies are limited by experimental design (e.g., lack of replication), lack of long-term data and (or) temporal analysis, or a focus on only one growth variable (e.g., basal area). In fact, as Smith (2003) points out, there are few published studies of long-term replicated thinning method experiments, in particular those that hold residual basal area constant, that can be used to address issues of thinning responses in detail.
In this study, we explore how thinning method influences periodic growth (basal area, volume, biomass) and tree diameter, using data from two long-term replicated studies in red pine. An analysis of these studies was included as part of a recent comprehensive Forest Service Technical report on growth and yield in red pine (Buckman et al. 2006 ). Our intention is to explore growth responses in more detail (e.g., multiple measures of growth over time). Specifically, our objectives were to (1) quantify the overall influence of thinning method, stocking level, and stand age on basal area growth, stem volume growth, biomass growth, and mean tree diameter, and (2) assess how the magnitude of the impact of thinning method depends on stand age and stocking level.
Methods

Study sites and treatments
We examined growth records from two long-term red pine silvicultural experiments in Minnesota: the Birch Lake cutting method -growing stock study and the Cutfoot cutting methods study. The Birch Lake experiment is located at the Superior National Forest in northeastern Minnesota. Stands are of plantation origin (seeded) and were established between 1912 and 1913. The Cutfoot experiment is located at the Chippewa National Forest, Cutfoot Experimental Forest, in north-central Minnesota, and stands were naturally regenerated around 1870. Species composition at both sites is dominated by red pine, which comprises over 95% of basal area throughout the experiments. Eastern white pine (Pinus strobus L.) and jack pine (Pinus banksiana Lamb.) are the bulk of the remaining trees, with other species making up less than 1% of basal area.
Both experiments contrasted dominant thinning to thinning from below (Buckman et al. 2006) . Specifically, dominant and codominant trees of the largest diameters were removed preferentially (R. Buckman personal communication, 2007) . However, it is useful to consider the effects of the dominant thinnings on crown distributions and tree diameters. In both studies, the ratio of the mean diameter of trees before and after the first thinning ranged from 1.0 to 1.2 (Buckman et al. 2006) , suggesting that mean diameters were little affected by thinning. This reflects the fact that in managed red pine stands, most crowns are in dominant and codominant positions, with the proportion of suppressed and intermediate crown classes constituting a small percentage of a stand (Buckman et al. 2006) . In effect, the dominant thinning method used in these studies was operationally a crown thinning, despite being implemented conceptually (and referred to here) as a dominant thinning.
At Birch Lake, the thinning method was applied to five levels of residual growing stock (7, 14, 21, 28 , and 34 m 2 Áha -1 ). Treatment combinations were assigned randomly to 0.8 ha stands, each randomly divided into three thinning methods (dominant and below, both included in this analysis, and intermediate, which is not addressed in this paper). Each thinning treatment was replicated three Young et al. 1980 *Similar equations for other species were used, and are available in Jenkins et al. (2004) . V is stem volume in cubic feet; B kg and B lb are biomass in kilograms and pounds, respectively; D cm and D in are diameter at breast height in centimetres and inches, respectively; and H ft is height in feet. Values were converted to metric units for analysis. { Ker (1980) and Young et al. (1980) were both compiled in Jenkins et al. (2004). times in a completely randomized design. At Cutfoot, a single level of residual growing stock was used (*25 m 2 Áha -1 ). Thinning treatment was assigned randomly to 4.0 ha stands, with three replicates of each treatment. An unthinned control (not examined here) was included only in the Birch Lake experiment.
Both experiments were thinned at 5-10 year intervals from about the origination cut until 2003 (Birch Lake) and 2005 (Cutfoot). Cutfoot stands were established (initial thinning) in 1950 and subsequently thinned in 1960, 1970, 1985, and 2005 . Birch Lake stands were established (initial thinning) in 1957 and subsequently thinned in 1962, 1972, 1982, 1992, and 2003 , with the exception of the lowest two residual basal area treatments whose basal area was sufficiently low that they were not thinned after 1962. Following the initial thinning, volume removed by harvest did not differ between thinning methods and averaged 45 m 3 Áha -1 and 48 m 3 Áha -1 at Birch Lake and Cutfoot, respectively. Stands were measured immediately before each thinning on a single (Birch Lake) or 10 (Cutfoot) permanent 0.8 ha plots per stand. Measurements included diameter at breast height (DBH = 1.37 m) for all trees with DBH >10 cm, and height for 2-3 trees in each crown class in each plot, with the latter assessed in the field based on visual determination of crown exposure.
Analysis
We assessed growth and diameter responses to thinning methods. Growth measures consisted of gross basal area, stem volume, and whole-tree (bole, branch, and foliage) aboveground biomass for all red, white, and jack pines with DBH >10 cm. Gross growth estimates for each variable were defined as accretion (i.e., growth on existing trees), ingrowth of new trees, and amounts removed in harvest and mortality. We used gross growth instead of net growth, as the former is more biologically representative of stand productivity and is less affected by mortality (Curtis and Marshall 1988) . Moreover, in these studies, gross and net growth differed little because average annual mortality was less than 0.15% of basal area, volume, or biomass. We measured heights from a subsample of trees in each stand at each measurement period, related height to DBH (results not shown, r 2 values between 0.4 and 0.8), and used these results to estimate unmeasured heights. Since tree heights within even-aged red pine stands are quite consistent (Buckman et al. 2006) , height variation in individual trees that is not captured in our regression equations is quite minor. Stem volume and aboveground biomass were estimated from DBH and height using allometric equations (Table 1 ). In addition, at each measurement period, we calculated quadratic mean diameter (QMD) by plot from diameter measurements (d) for trees i = 1 through n (Husch et al. 2003) as
QMD was used rather than arithmetic mean diameter, as the former provides a better mensurational representation of average tree size differences among treatments (Curtis and Marshall 2000) .
To assess the influence of thinning method on stand growth (objective 1), we used repeated measures analysis of variance, with thinning method, residual basal area, and stand age as class variables, with age as a repeated measure, with plot as a random variable, and with basal area growth, stem volume growth, biomass growth, or QMD as dependent variables. We conducted mean contrasts as appropriate to identify significant differences between thinning methods within interactions. We indicate differences that are significant at the a = 0.05 level (see Fig. 1 for illustration of contrasts). Statistical analysis was performed using the MIXED procedure in SAS version 9.1 (SAS 2001) with autoregressive covariance structures for models with homogeneous residuals and with autoregressive heterogeneous covariance structures for models with nonhomogeneous residuals. To characterize the consequences of dominant thinning versus thinning from below (objective 2), we calculated the relative difference between thinning method using the formula (D -B)/D, where D is response with dominant thinning and B is response to thinning from below. This formula quantifies the percentage increase or decrease in growth or diameter as a consequence of dominant thinning compared with thinning from below and was calculated for all treatments for basal area growth, volume growth, biomass growth, and QMD.
Results
At Cutfoot, basal area growth ranged from 0.29 to 0.66 m 2 Áha -1 Áyear -1 , stem volume growth ranged from 4.55 to 6.8 m 3 Áha -1 Áyear -1 , while biomass growth ranged from 1.49 to 2.9 MgÁha -1 Áyear -1 (Table 2 ). All three measures of growth were significantly related to thinning method, while basal area and biomass growth were also related to stand age ( Table 2 ). The interaction of stand age and thinning method was not significantly related to any of the three growth variables at Cutfoot. These models explained 81% and 72% of the variability in basal area and biomass growth, respectively, while thinning method alone explained 45% of the variability in stem volume growth (Table 2 ). QMD at Cutfoot ranged from 23 to 45 cm, and 95% of the variability in QMD was explained by statistically significant relationships with stand age, thinning method, and the interaction of age and thinning method (Table 2) . Basal area growth and biomass growth decreased with age at Cutfoot, while QMD increased with age, and volume growth was statistically consistent across all ages (Fig. 1) . Dominant thinning generally resulted in higher growth and smaller diameters at Cutfoot. Both basal area growth and biomass growth were significantly higher with dominant thinning at all ages except for the youngest measurement period. Volume growth at Cutfoot was significantly greater with dominant thinning only at 120 years. For QMD, the interaction of age and thinning method at Cutfoot suggests that differences between thinning methods depend on age, although QMD was significantly larger with thinning from below across all ages (Fig. 1) . Relative to thinning from below, dominant thinning at Cutfoot increased basal area, volume, and biomass growth by an average of 43%, 21%, and 31%, respectively, and decreased QMD by an average of Áyear -1 ), and quadratic mean diameter (cm) in long-term red pine experiments as a function of thinning method, stand age, and residual basal area. Asterisks indicate significant differences between dominant thinning and thinning from below at that level of age and residual basal area; all other differences between thinning methods are not significant at a = 0.05. Error bars are ± one standard error. 26% (Fig. 2) . The effects of dominant thinning on volume growth and QMD at Cutfoot were most pronounced at older stand ages (100-110 years), while the effects on basal area and biomass growth were relatively consistent across all ages greater than 90 years. At Birch Lake, basal area growth ranged from 0.32 to 0.95 m 2 Áha -1 Áyear -1 , stem volume growth ranged from 3.0 to 12.9 m 3 Áha -1 Áyear -1 , and biomass growth ranged from 1.4 to 4.04 MgÁha -1 Áyear -1 . All three growth variables at Birch Lake were influenced by thinning method, basal area, age, and the interaction of basal area and age (Table 2 ). In addition, stem volume growth was influenced by the interaction of thinning method and age and by the three-way interaction of thinning method, basal area, and age. These models accounted for 88%, 94%, and 83% of the variability in basal area growth, volume growth, and biomass growth, respectively. QMD at Birch Lake ranged between 23 and 45 cm, and 95% of the variability in QMD was accounted for by relationships with thinning method; basal area; age; the basal area and thinning interaction; the basal area and age interaction; and the three-way interaction of basal area, age, and thinning method.
These significant interactions indicate that the influence of thinning method (i.e., differences between dominant thinning and thinning from below) is best understood by examining all levels of both residual basal area and age (Fig. 1) . Basal area growth tended to be significantly different under a wider range of conditions than stem volume growth and biomass growth, and significant differences were generally most frequent at intermediate levels of residual basal area (14-21 m 2 Ám -2 ). QMD, on the other hand, was significantly higher with thinning from below under all conditions except the latest two measurement periods in the lowest residual basal area treatment and the earliest measurement period in the highest residual basal area treatment (Fig. 1) . At Birch Lake, dominant thinning increased basal area, stem volume, and biomass growth by an average of 25%, 22%, and 16%, respectively, over thinning from below, whereas QMD decreased by an average of 15% (Fig. 2) . The largest differences occurred in either younger stands (<70 years) with very low growing stock (7 m 2 Áha -1 ) or older stands (>80 years) with intermediate growing stock (14-28 m 2 Áha -1 ). Relative to thinning from below, dominant thinning led to only a modest increase in growth at intermediate basal areas (21-28 m 2 Áha -1 ) and stand ages less than 70 years. At high residual basal area (34 m 2 Áha -1 ), dominant thinning had no consistent effect on growth at any age, although it did decrease QMD relative to thinning from below.
Discussion
Our results extend the findings of Buckman et al. (2006) to additional growth measures by showing that dominant thinning generally resulted in greater basal area, volume, and biomass growth compared with thinning from below. These results contrast that of other studies that suggest stand-level volume and basal area growth tend to be similar regardless of thinning method (Spur et al. 1957, below vs. crown thinning; Cooley 1969 , below vs. dominant vs. crown thinning; Seidel 1986, below vs. dominant thinning; Smith 2003, below vs. dominant vs. crown thinning; Gilmore et al. 2005, below vs. dominant thinning) .
The dominant thinning method employed in our experiments was operationally, if not conceptually, a crown thinning. While the dominant and codominant trees with the largest diameter were removed preferentially (Buckman et al. 2006) , the narrow range of diameters within the stand (ratio of mean diameter after to mean diameter before thinning was near 1.0) and the low percentage of trees in intermediate and suppressed crown classes (Buckman et al. 2006) essentially dictated that the thinning resulted in increased growing space for other dominant and codominant trees rather than a release of suppressed or intermediate crown classes, as would occur in a true dominant thinning. The exception to this may be the highest stocking treatment at Birch Lake (Fig. 1) , where differentiation into crown classes likely did occur. As a result, the high thinning treatment at the highest stocking level was operationally a true dominant thinning that left less responsive residual trees, and consequently, the two thinning methods had virtually identical growth over time (Fig. 1) . Oliver and Murray (1983) suggest that volume growth in Douglas-fir will be maximized in stand structures that have more large diameter trees in dominant and codominant crown classes, because intermediate and suppressed trees will not respond much or at all to increased growing space. Assuming red pine behaves similarly, the two thinning methods employed in our studies generally created stand structures that favored trees in dominant and codominant crown classes. The dominant thinning had the added benefit of increasing growing space to a greater degree around more of these individuals than did thinning from below, hence the greater gross growth with dominant thinning. It would be erroneous to conclude that growth would also be higher with a more typical dominant thinning, i.e., removing the largest stems in a stand preferentially, if the residual trees were largely in suppressed and intermediate crown classes.
Our results also illustrate that the relationship between thinning method and growth depends on stand age and stocking levels. Relative to thinning from below, dominant thinning had inconsistent impacts on increasing biomass, volume, and basal area growth within the range of conditions that are typical for commercially managed red pine stands, i.e., 21-28 m 2 Áha -1 basal area and <80 years old. The greatest differences in growth rates between thinning methods occurred at lower stocking levels (14-21 m 2 Áha -1 ) or in old stands (80-130 years old); conditions that are probably best managed for purposes other than maximizing wood yield, e.g., in the development of mixed species stands at low stocking levels or in the production of large saw or cabin logs on longer rotations.
Compared with thinning from below, dominant thinning resulted in less consistent and generally smaller increases in biomass growth than basal area growth. This difference was especially apparent in the Birch Lake study, where differences in biomass growth between dominant thinning and thinning from below were roughly half of the differences in basal area growth. This suggests that basal area may not be the best measure by which stand growth should be assessed if the goal is to identify approaches for increasing biomass yield for utilization in the emerging wood-based biofuels industry.
Thinning method did have a consistent and significant impact on mean tree diameters. QMDs were consistently lower with dominant thinning than with thinning from below, with the greatest differences occurring at the same basal areas and stand ages where the largest growth differences were realized. Despite higher stand-level growth with dominant thinning than with thinning from below, the economic value of dominant thinned stands for some products, such as cabin logs, poles, and saw timber, may actually be lower than that of stands thinned from below because of reduced mean diameters. Such differences in individual tree size and potential value should be considered as should stand level growth when making decisions about appropriate thinning method. In fact, the long biological life span of red pine (200+ years) and its ability to sustain diameter growth even at older ages (Rudolf 1990 ) make it an ideal species to grow in extended rotation situations, with the focus on individual tree growth.
Our results provide insight into the consequences of thinning strategies, using data from replicated long-term studies. The results illustrate that growth rates and yield in dominant thinned stands, relative to stands thinned from below, are dependent on both stocking level and stand age. Furthermore, our results suggest that growth rate trends are not consistent among basal area growth, volume growth, and biomass growth, and that the greater growth in dominant thinned stands than in stands thinned from below should be weighed against the effects of dominant thinning on individual tree size and potential value as poles and cabin logs.
